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Abstract 

The enzyme 3-hydroxyO-me%lgiuiaiyl-coenzyme A reductase (HMGR) catalyses an important step in 
isoprenoid biosynthesis in plants. In Hevea brasUiensis y HMGR is encoded by a small gene family 
compnsedof^members /lm ff 7,A/«^ 

Mol Bio 16: 567-577, 1991). Here we report the isolation and characterization of hmgS genomic and 
cDNA clones. In comparison to hmgl which is more highly expressed in laticifers than in leaves, the 
level oVimgS QiRNA level is equaHy abundant in laticifers and leaves. In situ hybridization experiments 
showed diat the expression of hmg3 is not cell-type specific while hmgl is expressed predominantly in 
the laticifers. Pnmer-extension experiments using laticifer RNA showed that hmgl is induced by ethyl- 
ene while hmgi expression remains constitutive. The hmg3 promoter, h'ke the promoters of most house- 
keeping genes, lacks a TATA box. Our results suggest that hmgl is likely to encode the enzyme involved 
nanw Synth6SiS ° ^ * P ° Ssib,y hV ° m to ^°P rtnoi ^ biosynthesis of a housekeeping 

Introduction prenoid compounds in different organisms. In 

Th* «™„ a u a . , plants these include growth regulators (abscisic 

The enzyme a-hydrox^Hnethylglutaryl-coen. acid, gibbercllins and cytokinlns), photosynthctic 

zyme A reductase (HMGR) catalyses the synthe- pigments (chlorophylls tocopherols, plastoqui- 

sis ofme^onate from HMG-CoA. Mevalonate none, carotenoids). mitochondrial electron trans- 

is converted to isopentenyl pyrophosphate (IPP) fer chain components (ubiquinone and haem a of 

which acts as precursor to a wide range of iso- cytochrome oxidase), dolichol, phytoalexins and 

^ m ™ h *° EMBL - 6wBflnk °DBJ Nucleotide Sequence Databases under 
tSSSS ctS? gene), M74799 (Hevea brazen* ^ prombfcr) and M74800 (SS 
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natural rubber/ The diversity of these isoprenoid 
compounds arid the occurrence of two hmg genes 
to Ar^mpsk \%% Mem f JOJ md potato 134) 
ieeut to suggest that tnultiple pathways exist for 
(he biosynthesis of IPP. The biosynthesis of dif- 
ferent isoprenoid com like chlorophylls 
and natural rubber which occurs in specialized 
cell tjTpes further suggests that hmg genes may be 
expressed differentially- Recently potato hmg 
genes have been reported to be regulated differ- 
entially. Yang et al [34] used a tomato hmg probe 
to show the presence of two hmg genes in potato, 
one isogene is induced by wounding While the 
other is induced by pathogen challenge. 

Hevea brasiiiensls is commercially grown in 
South-East Asia for the production of natural 
rubber. This unique isoprenoid compound, cist* 
1,4-polyisoprenc (Af r 4xl0 6 ) [32], is present in 
latex, a milky fluid stored in specialized plant cells 
called laticifers, which are interspersed with the 
phlpem cells. The laticifers contain all the normal 
cell constituents plus rubber panicles and char- 
acteristic organelles (Iutoids and Frey-Wyssling 
particles). Hevea HMGR has been implicated to 
be a membrane-bound enzyme [15,29,30] 
present in the pelleted portion of centrifuged latex, 
that requires NADPH and thiol compounds for 
its activity [31]. Recently, we have identified two 
classes othmg cDNAs from H. brasfliensis, hmgl 
and hmgl [10], Comparison of the two classes 
shows 86% nucleotide sequence homology and 
95% amino acid homology [10]. The high ho- 
mologies encountered are related to the isolation 
of partial hmg2 cDNA clones which encompass 
the HMGR conserved region. Further character- 
ization 6(hmg2 has been hindered by the unavail- 
ability of a flill-length cDNA clone. We are 
interested to investigate the expression and reg- 
ulation of the different fen? genes in Hevea and to 
determine if the isoprenoid pathway leading to 
rubber biosynthesis is distinct from other isopre- 
noid pathways since this plant is unique in pro- 
ducing rubber. 

In the present paper, we describe the isolation 
and characterization of a third class of genes en- 
coding HMGR in Hevea, hmgl, We show that 
hmgl and hmgl are differentially expressed in la- 



ticifer and leaf. Our results indicate tiidX hmgl is 
involved in rubber biosynthesis whereas hngl is 
involved in isoprenoid biosynthesis of a house* 
keeping nature. 

Materials and methods 

Plant material 

Hevea brasilietish RRIM600 plants were grown in 
pots under natural conditions (12 h light/12 h 
dark cycle at 25-34 °C). Genomic DNA was ob- 
tained from young leaves and purified by CsCJ 
centrifugation [23]. Total cell RNA was isolated 
from leaves of 1- to 3-year-old plants as describee 
[24], Laticifer RNA was prepared from the latex 
of field-tapped trees [17]. 

Ethephoh treatment of Hevea trees was carried 
out by applying 5 % ethephon on the tree trunk to 
2 cm of scraped bark below the cut and at the 
groove on alternate months. The tree was tapped 
every six days by making an incision in the bark 
half a spiral around the tree trunk in order to 
sever the laticifers. The latex was collected at the 
bottom of the cut. Control trees which were not 
treated with ethephon were similarly tapped. 

Screening of cDNA and genomic libraries 

A Hevea AD ASH genomic library was screened 
in duplicate by in situ plaque hybridization using 
the 1.3 kb hmgl cDNA (positions 857 to 2204 of 
the fungi cDNA in Fig/1) [10], A Hevea oligp 
(dT) leaf cDNA library [10] was screened for 
hmgl cDNA clones by using a Am^i-specific 
1.2 kb Eco RV-Eco Bl genomic fragment, derived 
from the 3- end of an HMOR3 genomic clone. 
The Eco RV site of the 1.2 kb fragment corre- 
sponds to nucleotide position 2009 of the hmgl 
cDNA in Fig. 1. The 1 .2 kb fragment basically 
consists of positions 2009 to 2351 of the hmgl 
cDNA in Fig. 1 and 0.8 kb of 3'-end uxitran- 
scribed region. Putative positive clones were pu- 
rified and their DNAs isolated by CsCJ gradient 
centrifugation [23]. 
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corresponds to nucleotide 711 of the hmgS cDNA and is denoted by an arrow. The potential transmembrane domains 6thmg3 
arc underlined. 



DNA sequence analysis 

DMA fragments containing the sequence of in- 
terest wefe subclohed into M13ihplB [35] for 



DNA sequencing [28]. The sequences of both 
strands were determined using synthetic oligonu- 
cleotide primers Which were ca, 0.4 kb apart* 



Genomic Southern btox analysis 

For gMPinis Southern analysis, bj^b-njolecubr- 
Weight DNA (2d jig) was digested with various 
restriction endonucleases, separated by electro- 
phoresis in 0.7% agarose gels and blotted onto 
Hybond N (Amersham, UK) filters according to 
standard procedures [23], Filters were prehybrid- 
ized in 6x SSC, 0.5% SDS, 10% dextran sul- 
phate and 100/zg/ml single-stranded salmon 
sperm DNA, then hybridized with labelled probe 
at 65 *C for 16 h under the same conditions. 

Northern blot analysis 

Twenty ng of total RNA were denatured at 50 6 C 
in the presence of glyoxal, separated by electro- 
phoresis in 1,5% agarose gel and blotted onto 
Hybond-N (Amersham) filters. The conditions of 
blotting, prehybridization and hybridization were 
as recommended by the manufacturer* 

Primer extension analysis 

To map the 5' end of the h:ng3 mRNA a 32 P- 
end-labelled oligomer (5'-TCCTTCCGGACG- 
ATATGCTTGGGGGGTP30 complementary 
to the cDNA sequence from positions + 93 to 
+ 120 (Fig. 1) was hybridized to SO jig of total 
&NA from leaf and laticifer. Extension with 
MMV reverse transcriptase was carried out fol- 
lowing standard protocols [2J. 

To compare the expression of hmgl and hmgS 
in response to ethylene the hmg3 oligomer de- 
scribed above and a 32 P-end»labeIled hmgl- 
specific oligomer (5'-GCATGCTTTCGGTGG- 
TGGAG GCGG CCGGTGGTGTCC ATGT-3 ' ) 
complementary to the hmg3 cDN A sequence from 
positions + 59 to + 98 (Fig, 1) were hybridized to 
leaf RNA, laticifer RNA from ethephon-treated 
or control trees. Fifty pg RNA was used in each 
case. Extension with MMV reverse transcriptase 
was carried out as described [2]. 



In situ hybridization experiments 

In situ hybridization experiments were carried out 
following conditions described by Cox and Gold- 
berg [12]/ A 0.1 kb Eco iRI-Sph I fragment con- 
taining the 5' end of hmgl cDNA (positions 20 
to 97 in Fig. 1) and a 0.4 kb Eco Rl-Xba I frag- 
ment containing the 5' end of hmg3 cDNA (po- 
sitions 30 to 404 in Fig. 1) were cloned into Blue- 
script SK-(Strat^gerie) in which the T3 and T7 
RNA polymerase promoters are in opposite ori- 
entations. 35 S-labelled antisense and sense RNA 
probes were synthesized in vitro and hybridized 
with petiole sections overnight at 40 °C. Sections 
were washed following procedures described pre- 
viously [12] Slides were coated with nuclear 
track emulsion (Kodak NTB-2), and were devel- 
oped after 2 weeks. 



Results 

Isolation and DNA sequence analysis of Hevea 
hmg3 genomic and cDNA clones 

We used the hmgl cDNA to screen a ADASH 
Hevea genomic library for hmgl genomic clones 
and obtained several putative clones. Upon fur- 
ther characterization by restriction analysis we 
found that one particular clone was different from 
the hmgl genomic clone.This clone had a 3.5 kb 
EcoKl fragment that hybridized to the h^l 
cDNA but its nucleotide sequence was different 
from those of hmgl ot hmg2. llie 5' end of the 
3,5 kb Eco RI fragment overlapped with the cod- 
ing region starting from position 665 of the hmgl 
cDNA. Comparison of these two seouences 
showed 71.4% nucleotide sequence homology 
(Fig, 1). these results indicated that the 3.5 kb 
Eco ''RI fragment encodes a different hmg gene 
which we have designated hmg3. We found that 
the 5' end of the 3,5 kb Eco RI fragment was the 
site where Sau 3 A was ligated to the Bam HI site 
of vector ADASH and therefore it was not pos- 
sible to retrieve the 5 ' end of hmgl from the same 
genomic clone. 
To isolate the hmgS cDNA clones, a hmgS- 



specific 1.2 kb Eco RV-Eco RI genomic fragment 
(see Materials and methods) was used to screen 
& Hem kaf cDNA library* Several putative 
clones were isolated and sequenced. Figure ! 
sho>vs the sequence of hmg3 cDNA. The hmg3 
c£)NA consists of 36 bp of 5 '-untranslated re- 
gion, 1758 bp of coding regiofl, 520 bp of 3 V 
untranslated region and a poly(A) tail Compari- 
son of the nucleotide sequences of the hmg3 
cDNA and genomic clone revealed that the read- 
ing frame in the genomic DN A is interrupted 
by three introns of 369 bases, 247 bases and 
422 bases, occurring after nucleotide posi- 
tions 1062, 1244 and 1591, respectively, on the 
hmg3 cDNA (Fig. 1). These three introns that 
interrupt the /i/wgJ-coding sequence occur in the 
same positions as iri Hevea hmgl [10] and 
Arabidopsis hmg [8, 19]. Nucleotide sequence 
comparison of hmg3 and hmgl cDNAs shows 
70% nucleotide sequence homology; the homol- 
ogy was reduced at the 5' end and the 3' end of 
the cDNA(Fig 1). 

» 

Analysis of Hie predicted amino acid sequence of 
HMGR3 

The amino acid sequence of Hevea HMGR3 de- 
duced from the DNA sequence (Fig- 1) reveals an 



open reading frame of 586 amino acids which 
would encode a protein of Af r 62 978. In com- 
parison, the Hevea HMGR1 POAVDentide com* 
prising of 575 amino acids (Jl/ r 61 702) is slightly 
smaller in size while that of Arabidopsis HMGR 
(M T 75 785) is larger [8; 10, 19]. Comparison of 
the HMGR3 polypeptide with that of HMGR1 
shows 77% amino acid homology with high con- 
servation at the carboxy temuhus of the polypep- 
tide (Fig. % 

The hydrophobicity plot of HMGR3 does not 
significantly differ from those of HMGR1 and 
Arabidopsis HMGR (Fig, 3). Two hydrophobic 
domains are conserved in plant HMGRs while 
seven such domains occur in mammalian [20] 
and yeast HMGRs [5]. The two potential trans- 
membrane domains as predicted following the 
method of Klein et al [16] present in HMGR J 
(amino acid residues 32-48 and 65-97) and Ar- 
abidopsis HMGR (amino acid residues S3- 69 and 
86-118) are also found in HMGR3 (amino acid 
residues 43-59 and 76-108) (Fig. 2). This is con- 
sistent with previous reports that plant HMGRs 
are membrane-bound [3, 14]. The seven trans- 
membrane domains in hamster [6, 13, 20] and in 
yeast [33] are involved in anchoring the enzyme 
to the endoplasmic reticulum, 

We note that although there is less amino acid 
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fig. 3. Hydropathy plots of Hmo HMGRJ (A)> Hevea 
HMGR3 (B) and Arabidopsis HMGR (C). The average hy- 
drophobicky of each amino acid residue was calculated by the 
method of Kyle and Dooliulc [18] over a window of nine 
amino acids and was plotted as a function of amino acid 
position. The two potential transmembrane domains arc num- 
bered. 



sequence conservation at the ammo-termini of 
Hevea HMGR1, Hevea tfMGR3 Arabidopsis 
HMGR, the amino acids within the hydrophobic 
domains and those located in-between the two 
hydrophobic domains nevertheless remain con- 
served (Fig. 2), A PEST sequence [27] which is 
present downstream from the hydrophobic do- 
mains in Hevea HMGR1 (amino acid residues 
106-122) and Arabidopsis HMGR (amino acid 
residues 157-176) is also found in HMGR3 
(amino acid residues 157-176) (Fig. 2). It is strik- 
ing that 80% of the first ten amino acid residues 
of ffevoor HMGR3 and Arabidopsis HMGR are 
identical (Fig, 2), 



Cloning the Hevea hmg3 promoter 

Sequence comparison of the cDNA clones re- 
vealed that hmgl and hmg3 are divergent in their 
5' ends (Fig, 1). AtowgJ-specific probe consisting 
of a 0.4 kb Eco Kl-Xba I fragment (positions 30 
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4* Genomic Southern analysis to identify hmg5 prompter- 
containing fragments. Hevea genomic DNA (20 pg) was di- 
gested with Eco RI (E), Xba I (XX Hind III (HIII) and Hind II 
(Ml), separated by gel electrophoresis and blotted onto Hy- 
bond N (Amersham) membrane. The genomic blot was hy- 
bridized to a S'-end A^i-speciftc probe (04 kb Eco RUXba I 
fragment, positions 30 to 404 of the hmgl c'JNA in Fig. 1). 
Arrow 1 refers to a 2 kb Xba I fragment which hybridized io 
this probe. 

to 404 of the hmg3 cDNA in Fig. 1) was used in 
genomic Southern analysis to identify bands 
which hybridize to the 5' end of hmg3 cDNA, 
Several such hybridizing bands were identified, 
one being a 2 kb Xba I genomic fragment (indi- 
cated by arrow 1 in Fig. 4). In birder to make a X 
library enriched for the hmg3 promoter, Xbah 
digested genomic DNA was sized by agarose gel 
electrophoresis and DNA fragments of about 2 
kb were extracted and ligated to AGEM2 
(Promega) which has a unique Xba t site. The 
resultant library was then screened with the 0.4 kb 
Eco Kl-Xba I probe to identify clones bearing the 
hmg3 promoter. One putative clone was shown 
by restriction analysis to contain a 2kb Xba I 
fragment. DNA sequence analysis of this frag- 
ment yielded a sequence which had a 0*4 kb 
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Fig, 5. Nucleotide sequence of a 2 kb A3a I fragment containing ihc htiigJ promoler. The nucleotides are numbered with respect 
to the transcription start site (shown in bold) as mapped by prlmer-exlension. The cDNA sequence aiposllion +93 to + 120 which 
is complementary to the primer used in primer-extension is underlined. The 5' border of the hnjgS cDNA is located at nucleotide 
+30 and the ATG siart codon of HMGR3 is denoted by a dolled line above the sequence. The sequence of a putative down- 
stream promoter element, TCCGTT is denoted by a wavy line. 



Eco IXt-Xbat overlap with the hmg3 cDNA, the 
sequence of the hmg3 promoter is shown in Fig, 5, 

Analysis of hmg3 RNA 

When the iwigj-specifio 0.4 kb EeoWMal 
probe was used in northern analysis it was shown 
that the hmg3 transcript of 2.4 kb is present in 
both leaf and Iaticifer (Fig. 6). The size of the 
hrrigS transcript predicted by northern analysis 
corresponds well to the size of the hmg3 cDNA 
of 2,6 kb. In comparison, the Hevea hntgl tran- 
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% 5. Northern blot analysis. Total RNA (20 /ig) from Hevea 
leaf (L) and Iaticifer (X) were hybridized to (he S'-end hmgS- 
specific cpN A (0.4 kb Bw WL>Xba I fragment, positions 30 to 
404 of the hfngS cDNA in Fig. i). 



script [ 10] and the Arabidppsis hmg transcript [8 J 
are also 2,4 kb in size. 

We used primer-extension analysis to identify 
the 5' end of the hmg3 mRNA (Fig. 7) and the 
location is shown in Fig, 5, When mRNAs from 
leaf and Iaticifer were compared we found that the 
hmg3 mRNA is equally abundant in both tissues 
confirming the northern blot analysis (Fig. 6)> Ex- 
amination of the hmg3 prompter sequences up- 
stream of the transcription start site showed the 
absence of a typical f ATA box (Fig. 5). This 
would not be surprising if hmg3 weire a house- 
keeping gene, as promoters of many housekeep- 
ing genes including hamster hmg [26] and hi man 
hmg [21] also a TATA box. However, the pro- 
moter of Hevea kmg3, unlike those of hamster 
hmg [26] and human hmg [21], do not contain 
OC-rich CCCGCCC or 'GGGCGG') hexanu- 
cleotide sequences. Moreover, multiple transcrip- 
tion start sites which are detected in hamster hmg 
[26] and human hmg [21] are not found in Hevea 
hmg3i Arkhipdya and Hyin [1] have reported a 
specific class of RNA polymerase II promoters 
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fig. 7. Primer-extension analysis to map the 5' end of the 
Irartscripi/A 3 ?P^abcIIcd primer (complementary to po- 
sitions + 93 to + 120 of the hmg3 cDNA in Kg, 5) was hy- 
bridized to SO of leaf total RNA(i)and 50 /ig oflatieifer 
total RNA (2) from #eiw. This primer Was also used to 
generate a didcoxy sequencing ladder (ACGT) wich was eleo 
irophorescd next to the extended product. The template used 
In this sequencing reaction was derived from a M13mpl8 
clone containing the 2 kb Xba I genomic fragment of the hmgS 
promoter for which the sequence is given in Fig. 5. 

which lacks both TATA box and GC-rich regions 
and is characterised by a downstream promoter 
element *TCA(3TPy* located within 40 bp from 
the transcription start site. We have located a 
sequmce TCC0TT which shows homology to 
this consensus sequence at 33 bp from the tran- 
scription start site othfngS (Fig. 5). 

Three genes encode HMGR in Hevea brasiliensis 

We have previously shown by genomic Southern 
analysis using hmgl and hmg2 3'-end-specific 
probes that hmgl and Iimg2 correspond to two 
different genes in the Hevea genome [10 J. Com- 
parison of the cDNA sequences of hmgl and 
hmg3 has shown that their 3 '-untranslated re- 
ports are divert (Fig. I), Therefore a 3'-end 
QAkb Ava II-£cb RI fragment from hmgl and a 
3'-cnd 1,2 kb Eco KV-Eco RI genomic fragment 
from hmg3 were each Used as discriminating 
probes in genomic Southern analysis. When the 
genomic blot was hybridized to the 3 '-end probe 
of hmgl f i 2,6 kb hybridizing band (denoted by 
utoW 1 In Fig. 8 A) was observed in the Bam HI 
digest. However, when the 3'-end pirobe othmg3 
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Fig, 6*. Genomic Southern analysis using hmgl -specific and 
AmgJ-specific probes. Hevea genomic DNA (20 pg) was di- 
gested with Bam HI (lanes 1), Eco RI (lanes 2) and Hind 11 
(lanes 3), separated by gel electrophoresis, blotted onto Hy« 
bond N (Aracrsham) membrane and hybridiv ed with the fol- 
lowing 52 P-labelled DNA probes: A, hmgl cDNA (04 kb 
Ava ll-Eco RI fragment, positions J799 to 2204 of the hmgl 
cDNA in Fig, 1) and B, hmg3 3'-end genomic fragment 
(1.2 kb EcoRV-Eco RI fragment consisting of 04 kb DNA 
corresponding to positions 2009 to 2351 of the hmgS cDNA 
in Fig. 1 and 0.8 kb or the 3 '-flanking region on the 3.5 kb< 
genomic clone). Arrows 1 and 2 refer to the 2.6 kb hybridiz- 
ing band and the 5.3 kb hybridizing band, respectively. 

was used, a 5.3 kb band (denoted by arrow 2 in 
Fig. 8B) was seen to this digest. Similarly, in the 
Eco RI and /find II digests, the set of barid(s) 
hybridizing to the 3 '-end probe othmgl is distinct 
from that hybridizing to the 3 '-end probe qtfuHg3. 
These results demonstrate that hmgl wd hmgl 
are distinct genes. 



hmgl and hmg3 are differentially expressed and are 
differentially regulated by ethylene 

The presence of three genes encoding HMGR in 
Hevea brasiliensis raises the question of their fimc- 



tions, especially in relation to rubber biosynthe- 
sis. While the characterization of hmg2 has been 
limited by the aviailabiiity of only a partiaToDNA* 
iriforixiation of compljrte cDNA sequences of 
hmgl and hmg3 has provided us tools for further 
experirnentis- We used specific primers in printer- 
extension analysis to confirm results from north- 
erii analysis that j^gZ arid hmg3 are depressed 
differentially in laticifer and leaf Primer extension 
analysis was carried out using a /^/-specific 
primer together with a Aw^J-specific primer to 
show that the hmg3 mRNA is constitutiyely ex- 
pressed in laticifer and leaf while hmgl mRNA is , 
more abundant in laticifer than leaf (lanes 2 and 
4 in F(g, 9). Iii the control in which only the hmgl- 
specific primer was used, the hmg3 extension 
product was absent (lane 1 in Fig. 9). 

We also examined the role of ethylene on 
HMGR expression, fethephon (2-chloroetharie 




fife* V Primer-extension analysis to show that fimgl and hntg3 
ore dhTerentially regulated by ethylene labelled hmgl* 
specific and Am#?-speciflc prioien were both hybridized lo 
50 /zg of laticifer total RNA from non-lreated control trees 
(lane 2), SO jig of laticifer total RNA from eihepbdnrtrealed 
trees (lane 3) and 50 lear total RNA (lane 4) and extended 
with MMV reverse transcriptase. The extended products of 
hmg3 and hmgl are marked respectively. In lone 1, only the 
^/•specific primer was used lo hybridfce 50 /jg of laticifer 
total RNA from cthophort'lreatcd trees. The hntgl -specific 
primer was used U> generate a didectfy sequencing ladder 
(ACGT) Which was eleetrophoresed next to the extended 
products, the mapping of the 5' end of the hmgl transcript 
bus been previously reported [ 10]. 



phosphonic arid) which generates ethylene in viva 
has been applied rejtuiarity, for decades, on the 
trunks of rubber trees to stimulate latex yield The 
exart physkrfojgical and 
that result from this ti^aiirittil are unclear [11]. 
Since HMGR is involved in rubber biosybthesis 
and hmgl appears to be iriore W in 
laticifer than leaf, we are particularly interested to 
study the role of etbyleite on hmgl exjptession. 
When RNA obtained from laticifer of ethephoh- 
treated trees was used in primer-extension anal* 
ysis, we observed that the expression at hmgl is 
induced while hmg3 remains constitutively ex- 
pressed Qsne3 in Fig. 9), Ethylene-inducible 
hmgl is likely to encode the HMGR involved in 
'rubber biosynthesis. An increase of this enzyme, 
if it is rate-limiting, will inadvertently lead to an 
increase in rubber biosynthesis and subsequendy 
result in a higher latex yield. In hamster, HMGR 
has been shown to be the rate-limiting enzyme in 
cholesterol biosynthesis [7]. 

Localization of the hmgl and hmg3 transcripts by 
in situ hybridization studies 

In situ hybridization experiments on petiole sec- 
tions of the Hevea plant have shown that the htngl 
mRNA is specific to laticifers while the hmjgi 
mRNA appears to be distributed over all cells 
(Fig. 10). These results suggest that htngl encodes 
the enzyme involved in cft-l,4-polyisoprene bio- 
synthesis since the laticifers in Hevea are the sites 
for rubber biosynthesis. hmg3> which appears to 
be widely distribute^ over all cells, is likely to 
encode a housekeeping HMGR responsible for 
the biosynthesis of other plant isoprenoid com- 
pounds. 



Discussion 

We have isolated and characterized a third class 
of genomic and cDNA clones from Hevea 
brasiliensis. It is now evident that in Hevea, 
HMGR is encoded by a small gene family con 
sisting of three members. We have previously isc- 
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fig. 10. localization QThijigl and hntg3 mRNA in transverse sccUons of /Yevea petiole. A. Dark-fidd micrograph of section hy- 
bridized wilh the Ai^/^pcxiftc anUscnsc probe. B, Dark-field micrograph of section hybridised with ihe hmgS-fiaafio antlscnsc 
probe C and D Light micrographs of above sections stained with toluidino blue, E Dark-field micrograph of self on hybridized 
wiih the Am$/.spcciflc sense probe. F Dark-field micrograph of section hybridized with the Am^i-specific sense pro'je. £, epidermis; 
R, cortex; P, pltloein; L, lalicifcrt X, xylem; f , pith; C, cambium. Bar represents iOpjim. 



lated and described ftevea hmgl and hmg2 [10], 
While three genes encode HMGR in Hma % only 
dne class of HMGR is known In mammals [?, 
22 ]» two forms occur in yeast [4, 5] and in other 



of two genes in Arabidopsis [81 and potato [34] 
and one gene in tomato [25]. 

Our residU from northern analysis, primer* 
extension analysis and in situ hybridization stud- 
ies provide evidence that Heved hmg genes are 



differentially regulated and therefore likely to per- 
form different functions. We found that Hevea 
hmgl wA hmgi respond differentially to ethylene. 
Results from primer-extension analysis indicated 
that hmgl Is inducible by ethylene while hmg3 is 
consiiiutively expressed, Hevea hmgl and hmgi 
were also found to be expressed differentially. We 
had earlier shown by northern analysis that hmgl 
is more expressed in laticifer than leaf [10] > We 
have confirmed these results by primer-extension 
analysis and have further shown that, in contrast, 
hmg3 is expressed in equal amounts in leaf and 
laticifer. Furthermore! we have shown by in situ 
hybridization studies that hmgl is expressed pre- 
dominantly in the laticifers, the cells specific to 
rubber biosynthesis, whereas hmg3 is not cell- 
type-specific, We propose that hmgl is likely to 
encode the enzyme involved in rubber biosynthe- 
sis while hmgS is possibly involved in isoprenoid 
biosynthesis of a housekeeping nature in Hevea. 
Our results suggest that independent isoprenoid 
pathways do occur and the pathway for rubber 
biosynthesis in Hevea is distinct from the path- 
way^) leading to the biosynthesis of other iso- 
prenoid compounds in plants, It thus appears 
that laticifer-specific hmgl which is likely to be 
involved in rubber biosynthesis is possibly unique 
to Hevea and does not possess a corresponding 
member in plants which do not produce rubber. 
In contrast, it Is likely tii&Hevea hmg2 and hmgi 
correspond to the two hmg genes found in other 
plants, particularly in Atabidopsis [8 J and in po- 
tato £34]. The two potato hmg genes have been 
shown to be differentially regulated. They are ei- 
ther induced by wounding or by pathogen chal- 
lenge. Therefore, it will be of interest to determine 
in future which of Hevea hmg2 and hmg3 is in- 
duced ( by either of these treatments. 
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